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Abstract 
The flexural response and failure of reinforced concrete rectangular slabs subjected to blast loading are investigated 
based on the rigid-plastic modelling.  The effects of orthotropic reinforcement and asymmetric support bending 
restraints are incorporated to account for structural configurations and detailing.  Two schemes of failure pattern are 
introduced and features of dynamic response under typical blast loading are outlined.  Numerical studies are carried 
out and the results obtained from the present model and explicit finite element simulations are compared.  It is shown 
that the proposed analysis is capable of capturing the essential features of dynamic response of reinforced concrete 
slabs and provides a simple and efficient means for blast design and assessment of concrete slabs. 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
In recent years, civilian buildings and structures have unexpectedly been exposed to the risk of 
terrorist attacks, particularly in the form of vehicle bombing or other portable detonation devices.  The 
high mobility of these potential threats gives rise to a challenging question of structural safety, provided 
that any structural parts could be subjected to unpredicted loading that they were not primarily designed 
against, in terms of both the loading type and intensity.  Historical events, such as the Oklahoma City 
Bombing, convey the idea that progressive/disproportional collapse of structures can result from localised 
intense loading.  In this respect, failure prediction of impacted components becomes immensely valuable 
to a realistic assessment of structural blast resistance. 
In this paper, the dynamic behaviour of blast-loaded, reinforced concrete rectangular slabs from a 
 
* Corresponding author: Email: cejkuang@ust.hk 
† Presenter: Email: cethf@ust.hk 
1877–7058 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2011.07.334
Procedia Engineering 14 (2011) 2658–2665
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
J.S. KUANG and H.F. TSOI / Procedia Engineering 14 (2011) 2658–2665 2659
design-oriented approach is considered. The analysis is based on the rigid-plastic (R-P) modelling, the 
validity of which is based on the fact that blast response of reinforced concrete components is dominated 
by inelastic deformation.  A flexural formulation is presented for rectangular slabs with orthotropic 
reinforcement and arbitrary support bending restraints.  Similar to the yield-line analysis of static failure, 
a velocity field that is both kinematically and dynamically admissible is postulated in the dynamic R-P 
analysis (Jones 1989).  Two schemes of velocity fields, or failure patterns, are proposed by modifying the 
dynamic rigid-plastic response of metal plates (Cox and Morland 1959; Komarov and Nemirovskii 1986). 
2. Analysis 
2.1. Two schemes of failure 
Consider a rectangular RC slab with an aspect ratio of Ȝ Ł a/b  1, where a and b are the length and 
width respectively.  No lateral boundary restraints are provided to the slab, thus the membrane effects do 
not arise.  Orthotropic reinforcing bars are assumed to align with the major axis of the slab geometry.  
The positive (negative) bending moments of resistance in the D- and E- directions are mpD and mpE (m'pD 
and m'pE) respectively, where directions D and E are corresponding to the length a and width b of the slab.  
An orthotropic span moment of resistance factor is introduced by 
/m p pm mE DN   
Structural configurations and reinforcement detailing in real structures affects the bending capacity 
available along the boundary negative yield lines, and thus a partial bending restraint is designated to each 
supporting edge defined by a restraint factor, 0  ȡ  1, that corresponds to a support bending capacity of 
ȡmp (Ł ȡ'm'p), where U (U') represents the positive (negative) reinforcement ratio.  For a rectangular slab, a 
set of four restraint factors is denoted as {ȡĮ1, ȡĮ2, ȡȕ1, ȡȕ2}, with the corresponding support rotations 
denoted by {ID1, ID2, IE1, IE2}. Then the following restraint ratios are defined, 
1 1(1 ) /(1 )U E DN U U{   , 2 1 2 1(1 ) /(1 ),  and (1 ) /(1 )D D D E E EN U U N U U{   {    
where the ratio NU indicates the support asymmetry for the two major axes; ND and NE indicate the 
support asymmetry at two edges of the minor and major axes, respectively, and are generally taken as 
being greater than or equal to 1 for clarity. 
The failure mechanisms of a rectangular slab supported along all edges can schematically be 
represented by Scheme I and Scheme II, as shown in Figure 1.  Scheme I is a roof-shaped transverse 
velocity profile with plastic deformations concentrated as relative rotations between rigid slab parts along 
discrete yield lines, while Scheme II includes a finite central plastic zone that appears generally as the 
external load attains a higher level than can be equilibrated in a mechanism of Scheme I without violating 
dynamic admissibility.  Variables [(W) and K(W) are introduced to define the yield line pattern and the size 
of the central plastic zone, where Ĳ is a dimensionless time, with ȟ1 + ȟ2  1 and Ș1 + Ș2  1.  The blast 
loading is, as in the general practical design, considered as a uniform pressure pulse, which is a 
reasonable simplification for far-range explosions (Smith and Hetherington 1994). 
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 (a) Scheme I (b) Scheme II 
Figure 1: Yield patterns of failure mechanism. 
2.2. Governing equations 
In the analysis, normalised rotations for individual slab parts corresponding to failure mechanisms 
shown in Figure 1 are first introduced 
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in which g is gravitational acceleration, T is a prescribed time scale, and qw is the self-weight per unit 
area of the slab. The pressure load, q(Ĳ), is normalised as 
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As shown in Figure 1(b), Scheme II is characterised by a central plastic zone surrounded by four 
rigid slab parts each rotating about its boundary edge; the governing equations are then 
3 2 2
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in which ȁ Ł țȡ țm Ȝ. Equations (4a) to (4d) represent the rotational equilibrium of each individual 
slab part respectively; Equation (4e) stands for the translational equilibrium of the central plastic zone, 
where a homogeneous stress state is predicted for a purely flexural response and plastic deformation 
occurs along the zone boundaries; Equation (4f) simply states the kinematical continuity conditions. 
As shown in Figure 1(a), Scheme I is similar to the conventional yield line patterns in the static 
collapse analysis of RC slabs, in which a central plastic zone is absent.  The governing equations can thus 
be obtained by reducing Equation (4) for Scheme II by putting Ș1 + Ș2 Ł 1 and removing Equation (4e), 
given by 
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2.3. Yield pattern 
At the static collapse, it can be shown that the limit load is given by 
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with the corresponding yield pattern parameters 
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The dynamic plastic response takes place when the load intensity is higher than the limit load, and is 
described by either Scheme I or Scheme II.  For a relatively low intensity, Scheme I applies and the 
deformation pattern resembles that for a static collapse; whereas for a high intensity, a central plastic zone 
forms and the deformation pattern is changed to Scheme II.  The critical load for such a transformation of 
collapse mechanism is given by 
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and the corresponding yield pattern parameters are 
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An overloading parameter can then be introduced as a multiple of the limit load 
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then the critical overloading is obtained as 
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2.4. Blast load representation 
Blast load pulse is, in the premise of structural analysis, often considered to have zero rise time and a 
monotonic decaying time history, ranging from a linear to exponential pulse shape.  A blast load pulse 
can generally be represented by a function in the following form 
( ) 1
t
T
o
tq t e q
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 (12) 
where t is physical time, and ȗ, Ȟ and T are blast load parameters calibrated for various explosive 
types and physical settings (Henrych 1979).  The pulse function describes the pressure time history for 
both the positive and negative phases.  For the purpose of structural response analysis and also simplicity, 
the negative phase is often neglected due to its relative insignificance in magnitude, and the positive 
phase is taken as spanning a duration of T, i.e. ] = 1, with a triangular shape, Ȟ = 0, or sometimes an 
exponential shape, Ȟ = 2. 
The loading function is then written with the dimensionless time, Ĳ = t / T, as 
( ) (1 )    for   0 1 
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2.5. Response features 
Structural response of the slabs to the dynamic pressure pulse exceeding the static collapse load can 
be divided into a multiple of stages depending on the pressure intensity. For a monotonic decreasing 
intensity, as is a blast load usually considered, two possible cases are given as follows. 
(1) Moderate load, Ȥo  Ȥcr 
When the initial/peak pressure intensity is less than the critical one for yield pattern transformation, 
the response is solely described by Scheme I which is described by Equations (5a) to (5e).  The yield 
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pattern has initial values of ȟ1cr  ȟ1o  ȟ1p, ȟ2cr  ȟ2o  ȟ2p and Ș1o = Ș1p, evolves with ȟ'1(Ĳ)  0 and ȟ'2(Ĳ)  
0 as Ȥ'(Ĳ)  0, and finally becomes stationary when ȟ'1(Ĳ1) = ȟ'2(Ĳ1) = 0.  The dynamic plastic deformation 
continues in the stabilisation stage with ȟ1(Ĳ) = ȟ1(Ĳ1) and ȟ2(Ĳ) = ȟ2(Ĳ1) until ȥ'(Ĳf) = 0 when motion ceases 
and Ĳf is the total time of motion. 
(2) High load, Ȥo > Ȥcr 
The response includes a first stage described by Scheme II, following Equations (4a) to (4f), 
indicating the formation of a central plastic zone.  The yield pattern has initial values of ȟ1o < ȟ1cr, ȟ2o < 
ȟ2cr, Ș1o < Ș1cr and Ș1o < 1 – Ș1cr.  The plastic zone diminishes with ȟ'1  0, ȟ'2  0, Ș'1  0 and Ș'2  0 as Ȥ'(Ĳ) 
 0.  Then a transformation of yield pattern from Scheme II to Scheme I takes place when Ș1(Ĳ1) + Ș2(Ĳ1) = 
1 or equivalently Ș1(Ĳ1) = Ș1cr, depending on the pulse form, before or after the end of loading.  Similar to 
the case of moderate load, a second stage described by Scheme I then follows and the motion ceases after 
a final stabilisation stage. It can be shown that under proportional loading, i.e., a stationary spatial load 
distribution, the present formulation admits 
2 1 2 1
1 2 1 2
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These simple relations reflect the effect of asymmetric support conditions on the evolution of yield 
patterns and deformations of slab parts. Finally, transverse deflection, w(Ĳ), can be evaluated by simply 
tracing the rotation and yield pattern variables, for instance, 
1
1 1w dD\ [ W
 c 3 ³  
3. Numerical studies 
Numerical studies are carried out to illustrate the dynamic response of reinforced concrete slabs 
predicted by the present rigid –plastic model. Explicit nonlinear finite element simulations are also carried 
out using ANSYS AUTODYN for comparison, in which the RHT model is used for plain concrete and 
bilinear hardening plasticity model is used for steel reinforcement. 
The slab model has length and width of 3500 mm and 2500 mm, depth of 100 mm, mass density of 
2400 kg/m3, concrete cube strength of 40 MPa, reinforcing steel yield strength of 460 MPa.  Bottom 
reinforcing bars of T10@200 and T10@300 in the major and minor axes, respectively, are provided.  
Bending restraints are provided on two adjacent edges with the same top bars distribution as the bottom, 
while simple supports are provided to the two other edges.  In the R-P model, the corresponding slab 
parameters are calculated and given by Ȝ = 7/5, țm = 1.215, țȡ = 1, and țĮ = țȕ = ¥2. 
To demonstrate the response stages in the R-P model, variations of yield pattern parameters and 
rotations of slab parts are plotted in Figures 2 and 3 respectively, which are obtained for a triangular pulse 
and a rectangular pulse, both of an initial intensity of Ȥo = 4 and a duration of T = 10 ms.  The dependence 
of yield pattern evolution on the loading function can be seen from Figure 3 that for a rectangular pulse 
the yield pattern remains stationary until end of loading, while for a decaying pulse the yield pattern 
evolves since the initial loading. 
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 (a) Triangular pulse (b) Rectangular pulse 
Figure 2: Variation of yield pattern parameters. 
          
 (a) Triangular pulse (b) Rectangular pulse 
Figure 3: Variation of support rotations. 
The central plastic zone of Scheme II is further demonstrated in Figure 4 for the rectangular pulse by 
comparing yield pattern of the R-P model with damage distribution on the slab bottom at the end of 
loading from simulation results.  The final transverse deflection profiles along the major and minor axes 
are presented and also compared in Figure 5. 
          
 (a) R-P model (b) ANSYS AUTODYN simulation 
Figure 4: Comparison of yield pattern and damage on bottom side. 
     
  
(a) Deflection along minor axis   (b) Deflection along major axis 
Figure 5: Comparison of deflection profiles. 
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Maximum deflections predicted by the proposed analysis and FEM numerical simulations are 
compared in Figure 6, when the slab is subjected to a triangular pulse of a range of load intensity, 
representing the typical blast loads in practical design.  It is seen from Figure 6 that the deflections 
predicted by the present model agrees very well with the results obtained from the FEM analyses. 
 
Figure 6: Comparison of maximum transverse deflections. 
4. Conclusion 
Flexural response and failure of blast-loaded reinforced concrete rectangular slabs are studied based 
on a rigid-plastic model.  General results of the yield patterns of failure mechanism and dynamic plastic 
response features of the slabs are obtained.  Numerical investigations have shown that the present model 
is capable of capturing the effects of various slab properties and asymmetric support conditions on the 
deformation characteristics, and provides accurate predictions of dynamic slab response under intense 
blast loading.  The present model may serve as an efficient yet powerful analytical tool to analyse the 
dynamic slab behaviour, particularly useful for preliminary blast assessment and design of blast-loaded 
reinforced concrete slabs in practice. 
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